Introduction
The close connection between land surface ecosystem and climate is an important element in the Earth's environmental system, and land surface is very important to regional and global climates (Dickinson & Henderson-Sellers, 1988; Avissar & Pielke, 1989; Sato et al., 1989; Shukla et al., 1990; Bonan et al., 1992; Lofgren, 1995) . The land surface is the lower boundary for the atmosphere, and energy and greenhouse gases are exchanged between the land surface and the atmosphere. Vegetation on the land surface is an important determinant of these fluxes. Snow on the ground also acts as a very important boundary condition for the atmosphere, and influences the hydrological cycle both directly and indirectly (Barnett et al., 1989; Yasunari et al., 1991; Vernekar et al., 1995) .
In this chapter, examples of land biosphere model and numerical studies concerning the interactions between land surface processes and the climate are described. Several results of simulations using a global and a regional climate models are introduced with brief review of pioneering research works. These results indicate that the understanding of energy and carbon cycle mechanisms related to the land surface processes is very important to improve estimates for future situations of the Earth.
Section 2 describes the land biosphere model connected on-line to the climate models. Section 3 presents the investigation results using the global climate model, while Section 4 presents those using the regional climate model. Finally, concluding remarks are given in Section 5.
Land surface model for use within climate models
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Since the middle 1980s, various kinds of land surface models, such as the Biosphere Atmosphere Transfer Scheme (BATS) (Dickinson et al., 1986) or the Simple Biosphere Model (SiB) , which include realistic representations of vegetation and soil, have been developed and used in climate models. These models can simulate energy fluxes between the land surface and the atmosphere, but cannot simulate the carbon cycles. Subsequently, to investigate the global carbon cycle related to global warming, the land surface model (SiB2) that includes parameterizations of carbon dioxide uptake and emission by vegetation was developed (Sellers et al., 1992 (Sellers et al., , 1996 .
In this section, a terrestrial ecosystem model for use within global and regional climate models is introduced.
Biosphere-atmosphere interaction model
A land surface model, termed the Biosphere-Atmosphere Interaction Model Version 1 (BAIM), was developed Mabuchi, 1997; Mabuchi, 1999) . In BAIM, the morphological and physiological properties of vegetation are explicitly parameterized, and realistic treatments of snow on the ground and water/ice in the soil are included. The model uses three groups of parameters: morphological (e.g., leaf area index, canopy height, and leaf angle distribution), physiological (e.g., green leaf fraction and Rubisco capacity), and physical parameters (e.g., transmittance and reflectance of the leaf, soil reflectance, and hydraulic conductivity of soil). Some of the morphological parameter values, for example the canopy roughness length or the zero-plane displacement height of canopy, are derived from some fundamental parameters in BAIM. Therefore, BAIM has flexibility for the treatment of the morphological structure of vegetation.
The ecosystem modeled in BAIM consists of up to two vegetation layers and three soil layers. The temperatures and stored moistures for vegetation, snow, and soil layers are predicted by the equations describing the heat and water budget in each layer. In BAIM, the carbon dioxide flux caused by the ecosystem's absorption by photosynthesis and emission through respiration is explicitly simulated. Use of BAIM can result in estimates of not only the energy fluxes, but also the carbon dioxide flux between terrestrial ecosystems and the atmosphere. Accumulation and melting processes of snow on the leaves and on the ground are also simulated. In the presence of snow cover on the ground, the snow layer is divided into a maximum of three layers, with the temperature and amounts of snow and water stored in each layer predicted. The model can also predict the freezing and melting of water in the soil. The prediction of temperature and moisture is divided into three categories according to the amount of snow on the ground. The model adopts realistic descriptions of photosynthesis for C 3 and C 4 plants. The bulk stomatal resistances of canopy and ground cover, which are closely related to the water vapor and carbon dioxide fluxes between the ecosystem and the atmosphere, are obtained from the integration of the leaf-level stomatal resistance, calculated from the consideration of the enzyme kinetics and electron transport properties of chloroplasts and the ambient environmental parameters.
The upper boundary conditions for BAIM are the atmospheric variables at the reference height within the atmospheric boundary layer, i.e., air temperature, T m (K), water vapor pressure, e m (Pa), carbon dioxide concentration, C m (mol mol -1 ), and wind speed, U m (m s -1 ); also downward short-wave radiation, R s (W m -2 ), and long-wave radiation, R l (W m -2 ), at the bottom of the atmosphere, and precipitation rate, P m (m s -1 ). The lower boundary condition is the deep soil temperature, T 4 (K). The downward short-wave radiation used in BAIM, R s , consists of four components, i.e., visible direct beam radiation, visible diffuse radiation, near infrared direct beam radiation, and near infrared diffuse radiation. The visible radiation is photosynthetically active radiation (PAR), which is absorbed strongly by the leaves of vegetation. The downward long-wave radiation is treated as diffuse radiation.
Model sensitivity tests for the values of parameters used in the model were performed using point micrometeorological data observed at a grassland site . By
Introduction
The relationship between the land-surface ecosystem and the climate is an important element in the Earth's environmental system. In the past, numerous studies have focused on land surface processes and interactions between the land surface and the atmosphere. In particular, tropical vegetation controls the physical and biogeochemical interactions in climatically influential areas over the Earth, and plays important roles in forming regional and global climates (Henderson-Sellers et al., 1993; Zhang et al., 1996a Zhang et al., , 1996b Hahmann & Dickinson, 1997; Lean & Rowntree, 1997; Xue, 1997; Clark et al., 2001; Hales et al., 2004; Snyder et al., 2004) . Werth & Avissar (2002 investigated the impacts of deforestations in Amazonia, Africa, and Southeast Asia. They found that deforestation induces the reduction of precipitation in each local area. Moreover, they suggested that the effects of deforestation in the tropics spread beyond the deforested area and reach into the mid-latitudes. Hasler et al. (2009) performed an impact study of tropical deforestation with multi-model ensemble simulations using three different global climate models. Results indicated a strong decrease in precipitation in the deforested areas and precipitation changes outside those areas. They also pointed out that the effect in the northern mid-latitudes is weaker, but some evidence of a wave train forced by the tropical changes could be seen. Nobre et al. (2009) studied the role of ocean-atmosphere interactions on climate change related to Amazon deforestation. Their simulations utilized an atmospheric general circulation model (AGCM) forced with climatological global sea surface temperature (SST), and a coupled ocean-atmosphere general circulation model (CGCM) coupled over the global tropics. Both model simulations indicated local surface warming and rainfall reduction, with larger impact suggested by the CGCM than by the AGCM. They also emphasized that the remote response detected with the CGCM experiments was an increased El Niño-Southern Oscillation (ENSO)-like variability over the Pacific, as a result of ocean-atmosphere interactions originated by the Amazon deforestation.
Among the vegetation changes in the tropics, forest removal in the Asian tropical region has recently become a severe problem. Jang et al. (1996) assessed changes in global forest conditions between 1986 and 1993, using satellite data converted to terrestrial net primary production (NPP). They observed that Indonesia, Papua New Guinea, and Burma accounted for 10 % of the world regions where the NPP had decreased by more than 800 g m -2 between 1986 and 1993, due to degradation of the tropical forest. A recent FAO report (2007) addressed annual deforestation and net forest area changes from 1990 to 2000 and from 2000 to 2005. The report indicated that the annual deforestation in Southeast Asia was -2.8 million ha year -1 , and the annual rates of net forest area change were -1.20 % year -1 for 1990 to 2000 and -1.30 % year -1 for 2000 to 2005. These rates of net forest area change in Southeast Asia were the most severe of those for all the tropical areas worldwide. Kanae et al. (2001) investigated the impact of deforestation on regional precipitation over the Indochina peninsula by analyzing precipitation data observed at meteorological stations in Thailand. Significant decreases in precipitation over Thailand were detected in September. Sen et al. (2004) investigated the effects of Indochina deforestation on the East Asian summer monsoon. Comparison of changes in the model results with observed rainfall trends pointed to deforestation in the Indochina peninsula as a major factor for climate changes in the region. Werth & Avissar (2005b) examined the effects of Southeast Asian deforestation, and found a strong local effect, with a reduction in Asian precipitation that persisted throughout the year.
With the physical aspects, the carbon cycle and the climate system are closely connected. Terrestrial ecosystems take up 2 to 4 PgC of carbon per year, which amounts to 20 to 30 % of annual total anthropogenic carbon dioxide emissions into the atmosphere, and exhibit strong interannual variability (Prentice, 2001) . To understand the origin of the variations in the atmosphere-biosphere carbon exchange, it is necessary to understand the mechanisms of carbon dynamics between the atmosphere and the terrestrial biosphere.
The studies of Betts et al. (1997) and Mabuchi et al. (2000) focused on vegetation physiology and the carbon circulation associated with vegetation activity and climate. Betts et al. (1997) used a general circulation model iteratively coupled with an equilibrium vegetation model to quantify the effects of both physiological and structural vegetation feedbacks on a doubled carbon dioxide climate. It was shown that changes in vegetation structure partially offset physiological vegetation-climate feedback on a global scale over the long term, but overall vegetation feedback provided significant regional scale effects. Mabuchi et al. (2000) investigated the relationship between climate and the carbon dioxide cycle around the Japanese Islands. Interannual variations of carbon dioxide concentrations in the lower troposphere were found to be related to vegetation activity, while downward short-wave radiation was determined to be the most important element for vegetation activity around the Japanese Islands. Ito (2003) and Cao et al. (2005) used ecosystem models to simulate the global scale carbon dioxide exchange between the atmosphere and the terrestrial biosphere over long time periods in the past. Matthews et al. (2005) also examined the behavior of the terrestrial carbon cycle under both historical and future climate changes, using a global climate model coupled with a dynamic terrestrial vegetation and carbon cycle model. Mabuchi et al. (2009) recently used a regional climate model that includes a terrestrial biosphere model to investigate the impact of climate factors on the carbon cycle in the East Asian terrestrial ecosystem. They concluded that a typical relationship exists between variations of the carbon cycle over land areas and those of climate factors on a regional scale in East Asia.
In this section, several results of numerical studies using a global climate model that includes a realistic biological land surface model are introduced. The numerical simulations were performed to investigate the impacts of Asian tropical vegetation change on the climate and carbon cycle (Mabuchi et al., 2005a (Mabuchi et al., , 2005b Mabuchi, 2011) .
Global climate model
The atmospheric model used in the experiments is the general circulation spectral model developed by the Japan Meteorological Agency (JMA). This general circulation model has a triangular truncation at wave number 63 (T63), and employs hybrid vertical coordinates at 21 levels. The horizontal resolution is 1.875° (192 × 96 grid points). The basic equations adopted for the model are the primitive equations. The model's atmospheric prognostic variables are the temperature, specific humidity, divergence and vorticity of the wind, the carbon dioxide concentration in each atmospheric layer, and surface pressure. The time step interval of the integration is about 20 minutes. The model includes short-wave and longwave radiation processes (Sugi et al., 1990; Lacis & Hansen, 1974) . Large scale precipitation and convective precipitation are estimated separately, with convective precipitation calculated by the Kuo scheme (Kuo, 1974) . Vertical diffusion is calculated by the turbulent closure model (level 2.0) proposed by Mellor & Yamada (1974) . BAIM2 was integrated into this general circulation model, resulting in a climate model that can simulate the effects of vegetation on climate. The type of vegetation at each model landarea grid-point was specified, and the interactions between the land surface vegetation and the atmosphere were estimated by BAIM2 at each grid-point. Figure 1 indicates the distribution of the vegetation used in the model and the experiment areas. The vegetation type of each model land-area grid-point was derived from the Major World Ecosystem Complexes Ranked by Carbon in Live Vegetation dataset (Olson et al., 1983) . This vegetation data set has 47 types of vegetation. Fundamentally, these types of vegetation cover are divided into a number of groups consisting of forest, grassland, crop, shrub, taiga, savanna, wetland, semi-desert, desert, tundra, and cryosphere. The actual vegetation of a given global land surface grid was classified into one of 12 types (Fig. 1) , including desert and cryosphere. Shrub and wetland were classified as grassland, with forest and taiga in east Siberia regarded as needle-leaf deciduous-forest-type vegetation. In the experiments, crop-type vegetation was classified as C 3 grassland vegetation.
Climatic impact of vegetation change in the Asian tropical region
Experiment design
The purpose of this study is not only to examine the impact of deforestation, but to also investigate the role of vegetation in the formation of the climate through numerical simulations. The experiments were performed under conditions that the land surface vegetation was changed morphologically, physiologically, and physically. Through these experiments, the mechanisms of the interactions between the land surface vegetation and the atmosphere can be understood. And more importantly, the influence of deforestation on the climate under various conditions can be estimated more accurately.
To investigate the impact of vegetation changes on climate in the Asian tropical region, three experiment areas were defined: the Indian subcontinent area (IND), the Indochina Peninsula area (ICP), and the maritime continent area (MTC) (Fig. 1) . The IND, ICP, and MTC areas are mainly covered by the grassland, tropical seasonal forest, and tropical rain forest types of vegetation, respectively. The photosynthesis process for the grass of the actual vegetation in the experiment areas was assumed as the C 3 type.
Prior to the vegetation change impact experiments, a control time integration (CN) was performed. In this control integration, the actual global vegetation (see Fig. 1 ) and climatic SST values were used. The sea surface temperatures and sea ice values were taken from the GISST2.2 dataset (Rayner et al., 1996) . The monthly climatic values of these data were assigned to each model ocean-area grid point. A 10-year spin-up calculation was carried out in order to estimate the initial values of soil water content, including the ice content in the soil and soil temperature. Using the soil values obtained from the spin-up calculation, the control integration was continued for 20 years.
After the control integration, three vegetation change impact experiments were performed: a bare soil experiment (BS), a C 4 grass experiment (C4), and a green-less experiment (GR). In the BS experiment, it was assumed that the vegetation on the ground was almost removed. In the C4 experiment, while the morphological and physical parameters were set as C 3 grass type, the physiological parameters associated with the photosynthesis processes for C 4 plants were used (see Mabuchi et al., 1997) . In the GR experiment, the types of vegetation in the experiment areas were the same as those in the control, but the greenness values of the vegetation in the areas were all set to zero. Namely, it was assumed that the morphological character of vegetation was not changed, but all leaves were considered dead. The purpose of the GR experiment was to purely simulate the effect of physiological activity of vegetation on climate. In the BS and C4 impact experiments, the actual vegetation types in the experiment areas (the IND, ICP, and MTC areas), were changed to a single vegetation type for each of the impact experiments. In each impact experiment, a 10-year spin-up integration was first performed, starting from the soil conditions at the end of the control run, and then the main experiment impact time integration was continued for 20 years under the changed vegetation conditions. The results of these three 20-year impact time integrations were compared with the results of the 20-year control integration. In this study, the analysis is generally performed on the 20-year mean of the seasonal mean values for June-July-August (JJA) and December-January-February (DJF).
Results for JJA
Verification of the results of the model control integration
The comparison of the results of the model control integration with the analysis data of the June-July-August (JJA) mean was performed. The analysis data used in the verification is the global objective analysis data compiled by the JMA. The grid resolution of the analysis data is 1.875°.
Although the contrast of the sea surface pressure values between the model ocean and continent was clearer than those in the analysis data, the pressure distribution pattern of the model was rather consistent with that of the analysis data. As for the surface wind vectors, the differences between the model results and the analysis were relatively small. The model heights at the 500-hPa level exhibited slightly higher values than the analysis data. The distribution patterns of the model results, however, indicated good agreement with those of the analysis data. The model wind vector patterns at 500-hPa also coincided with those of the analysis data. Although the precipitation distribution pattern of the model roughly agrees with the CPC Merged Analysis of Precipitation (CMAP) data (Xie & Arkin, 1997) , the values of the model precipitation along the intertropical convergence zone (ITCZ), especially at 150° W and the surrounding area, and over the western equatorial Pacific are less than those of the CMAP data. These differences in the atmospheric elements between the results of the model control integration and the analysis data were considered during the examination of the results of the impact experiments. The labels are also for the surface albedo (ALB), the roughness length (Z0) (m), the net radiation (RNET) (MJ m -2 day -1 ), the latent heat flux (E) (MJ m -2 day -1 ), the sensible heat flux (H) (MJ m -2 day -1 ), the canopy temperature (TC) (°C), the soil surface temperature (TG) (°C), the soil water content (WA) (cm), and the precipitation (P) (mm day -1 ). The experiments are the control integration (CN), bare soil experiment (BS), C 4 grass experiment (C4), and greenless experiment (GR). The difference values from the CN are also indicated (Diff.).
Changes of the surface albedo and roughness length
The general features when undergoing a change of vegetation from the actual vegetation (CN) to bare soil (BS) is that the surface albedo values significantly increase in the area where the actual vegetation was the forest type, and significantly decrease in the area where the vegetation was grassland. In the ICP area, the albedo values increase in the areas where the vegetation was the seasonal rain forest, and decrease in the areas where the vegetation was grassland. The albedo value decreases in the mean of the overall area. In this study, the value of soil surface reflectance for the BS experiment was set to the value for soil in the forest (not for desert). Therefore, the albedo values were decreased by the change from the grassland type to bare soil.
In the case of the vegetation change from CN to C4, while the albedo values in the area where the vegetation was grassland do not change, albedo values in the area where the vegetation was the forest type significantly increase. Therefore, the value of the area mean albedo in the IND area in the C4 experiment is almost the same as that of the CN, and those in the ICP and MTC areas are greater than that of the CN.
In the green-less experiment (GR), the albedo values in the grassland area significantly increase, while those in the forest area significantly decrease, compared with that of the CN. Therefore, the mean value in the IND area increases, that in the MTC decreases, and that in the ICP slightly increases. In grass type vegetation, the transmittances and reflectances of a dead leaf or stem are greater than those of a green leaf. Therefore, the grassland albedo value in the green-less experiment becomes greater than that of the control. In forest type vegetation, although the reflectance of a dead leaf or stem for visible radiation is greater than that of a green leaf, the reflectance of a dead leaf or stem for near infrared radiation is less than that of a green leaf. In addition, the transmittances of a dead leaf or stem are very small. Through these effects, the albedo value for forest type vegetation in the green-less experiment decreases as a whole, compared with that in the control.
In the actual vegetation, the roughness length of the forest type vegetation is generally larger than that of grass vegetation. The roughness length of bare soil is very small and less than that of grassland. By the change of vegetation from the actual vegetation to bare soil (BS experiment), the values of roughness length in the MTC and ICP significantly decrease. Although the value of the change is small, the roughness length in the IND area also significantly decreases. In the C4 experiment, while the roughness length values in the area where the vegetation was grassland do not change, those in the area where the vegetation was the forest type significantly decrease. Consequently, the changes in the roughness length in the C4 experiment are similar to those in the BS experiment. In the GR experiment, the values of the morphological parameters for the vegetation do not change. Therefore, the values of roughness length do not change in each experiment area of the GR experiment.
Impact on heat and water balances at the land surface
Impacts on the heat and water balances for each experiment area were examined. From the results of Student's t-test, the changes appeared in each area were generally statistically significant.
In Table 1 , when the vegetation changes to bare soil, the net radiation values in the areas where the actual vegetation was forest decrease, due to the increased albedo values in these areas. On the other hand, the net radiation values in the areas where the actual vegetation was grassland increase, due to the decreased values of the albedo. The latent heat fluxes in the experiment areas generally increase. The reason for this is that while the latent heat fluxes associated with transpiration and interception decrease, the latent heat flux due to direct evaporation from the soil surface increases. In the BS experiment, the value of soil water content of the overall experiment area mean increases slightly. Therefore, the increase of the direct evaporation from the soil surface is related to the increase in the surface wind speed over the land in the experiment areas. The change in the pattern of the sensible heat fluxes in the experiment areas is opposite that of the latent heat fluxes. The soil surface temperatures in the experiment areas generally increase because of the increase in the radiation that reaches the soil surface, due to the removal of the canopy. Although the changes of the soil water content vary according to locality, the mean values in the IND and ICP areas increase, while that in MTC decreases. The precipitation changes are discussed in the next section.
In the C4 experiment, the decreases in net radiation in the areas where the actual vegetation was forest are more significant, compared with the case of the vegetation change to bare soil. The reason for this is that the increased albedo values in the areas where the actual vegetation was forest are large, when the vegetation changes to C 4 grass. On the other hand, the changes in the areas where the actual vegetation type was grassland are not significant. The latent heat fluxes in the forest areas generally decrease. It is considered that one reason for this is the decrease in the net radiation in these areas, another reason being the decrease in the roughness length. The latent heat fluxes in the IND area generally increase because of the increase in the transpiration from the leaves of vegetation. The main vegetation type assigned to the IND area as the actual vegetation is C 3 type grass. Therefore, it is considered that by vegetation change to C 4 grass, photosynthesis becomes more active in the IND area. This is due to the fact that C 4 photosynthesis is more suitable than C 3 photosynthesis in a hot and dry environment, such as the IND area. In actuality, the grasses that exist in the IND area include both the C 3 type and C 4 type. Therefore, the possibility exists that the change in the latent heat flux in the IND area simulated by this study is overestimated. The sensible heat fluxes in the experiment areas generally decrease. The decreases in the sensible heat fluxes in the ICP and MTC areas are due to decreases in the net radiation, and that in the IND area to the increase in the latent heat flux.
The influences on the canopy temperature and on the soil surface temperature are somewhat complicated. The canopy temperatures in the ICP and MTC areas generally increase, and that in the IND area decreases. The soil surface temperatures in the ICP and IND areas generally decrease, and that in the MTC increases. In the IND, the latent heat fluxes associated with transpiration from the canopy leaves and direct evaporation from the soil surface increase. Therefore, both the canopy temperature and the soil surface temperature decrease. In the ICP area, the latent heat fluxes by the transpiration and the evaporation of intercepted water decrease; consequently the canopy temperature increases. The decrease in soil surface temperature in the ICP area is due to the increase in the latent heat flux by the direct evaporation from the soil surface. In the MTC area, the increase in the canopy temperature results from the same causes as found in the ICP area. The net radiation for the total vegetation layer of the MTC decreases. The radiation absorbed by the soil surface, however, increases. As a result, the temperature of the soil surface increases.
The soil water content in the IND area generally decreases, due to the increase in the latent heat flux. In the MTC area, the soil water content decreases, due to the decrease in precipitation. In the ICP area, the precipitation and the latent heat flux both decrease. Consequently, the change in the soil water content in the ICP is small, when compared with the control run.
The changes in the forest areas in the C4 experiment are fundamentally the same as those found in the results of the deforestation experiments of Franchito & Rao (1992) and Defries et al. (2002) .
In the GR experiment, the net radiation values in the area where the vegetation type was grassland significantly decrease, as a result of an increase in the albedo. In the forest area of the ICP, although the albedo value decreases, the net radiation value does not change, due to a decrease in the downward short-wave radiation. Although no figures are shown, the decrease in the downward short-wave radiation in that area is due to the increase in lowlevel clouds. In the MTC, precipitation significantly increases and the downward shortwave radiation decreases. Therefore, although the value of the albedo decreases, the net radiation decreases.
The latent heat fluxes in the experiment areas generally decrease, due to the decrease in the transpiration from the leaves of vegetation. In the grassland areas, the direct evaporation from the soil surface increases. Therefore, the magnitude of the decrease in the latent heat flux in the grassland is less than that in the forest areas. The sensible heat fluxes in the experiment areas increase, especially in the forest areas, resulting from the decrease in transpiration. The temperatures of both the canopy and soil surface in the experiment areas generally increase especially in the forest areas, as a result of the decrease in the latent heat flux.
The values of the soil water content in the southern part of the IND, and in the MTC, increase due to the increase of precipitation and the decrease in the latent heat flux. The soil water content in the southwestern part of the ICP decreases because of the decrease in precipitation. In the northwestern part of the IND, the soil water content increases as a result of the increase in precipitation. In the other experiment areas, the change in soil water content is not clear as the result of decreases in both the precipitation and the latent heat flux. Consequently, in each experiment area mean, the soil water values in the MTC and IND areas significantly increase, and the change of that in the ICP is small.
Impact on the atmospheric circulation
The changes in the land surface vegetation lead to changes in the atmospheric circulation. The JJA mean atmospheric circulations simulated by the impact experiments were compared with those of the control integration (impact -control).
As for the differences between BS and CN (BS -CN), the strengthening of the Asian summer monsoon winds over the experiment areas is a direct effect of the vegetation change in these areas. The strengthening of the winds is due to the decrease in the roughness length by the vegetation change in the experiment areas. The strengthening of the monsoon winds induces the strengthening of the convergence at the lower atmospheric level over the southern part of China, and the weakening of those over the western coast of India, the western coast of the Indochina Peninsula, and over the islands of the maritime continent. At the 250-hPa level, the areas where the divergence is strengthened spread from China to the Middle East, and are related to the strengthening of the low level convergence. Ascending anomalies exist at the 500-hPa level over the low-level areas of stronger convergence. These changes in the atmospheric circulation induce changes in precipitation. The values of precipitation significantly increase over the areas from southeastern India to the area around the Philippine Islands. On the other hand, precipitation significantly decreases over the western coast of India, the western coast of the Indochina Peninsula, and the islands of the maritime continent.
In the case of C4 -CN, although the strengthening of the Asian summer monsoon winds in the C4 experiment is less than that in the BS case, the anomaly patterns of the atmospheric circulation are fundamentally the same as those in BS -CN. The change in the pattern of precipitation in the C4 case ( Fig. 2) is also fundamentally the same as that in the BS case. The magnitudes of the decreases in the precipitation on the western coast of the Indochina Peninsula, and the islands of the maritime continent are larger than those in the BS case. The reasons for these phenomena are considered as follows. The albedo values in these areas significantly increase in the C4 case. The net radiation, the latent heat flux, and the sensible heat flux all decrease. These factors all lead to the local convective activity being suppressed.
In the case of GR -CN, the pattern of change in the atmospheric circulation differs from those of the other experiments. In the GR experiment, the Asian summer monsoon winds become somewhat weaker than those in the control. At the lower atmospheric level, the convergence over the southern part of India and over the islands of the maritime continent strengthens. At the upper atmospheric level, the divergence over these areas also strengthens. In Fig. 3 , the precipitation increases over the areas of stronger convergence at the lower atmospheric level, and decreases over the surrounding areas. The precipitation anomaly pattern in the GR experiment is the opposite of those found in the BS and C4 experiments. The reason for this precipitation anomaly is considered as follows. In the GR experiment, the roughness lengths in the experiment areas do not change. Therefore, the effects due to changes in the roughness length on the wind field, such as in the BS or C4 experiments, do not occur. On the other hand, the temperatures of both the canopy and the soil surface increase, and the sensible heat flux increases as a result of the decrease in the latent heat flux by the transpiration from the leaves of vegetation, especially in the forest areas. The islands of the maritime continent are surrounded by the ocean, and have an abundant supply of water vapor. Under these conditions, the low-level convergence strengthens over the maritime continent islands, and convective precipitation over these areas increases. www.intechopen.com
Results for DJF
Verification of the results of the model control integration
The comparison of the results of the model control integration with the analysis data for the DJF mean was performed. In general, as was found in the JJA case, the contrast of the pressure values of the model between the ocean and continent is clearer than those in the analysis data. For the surface wind vectors, the differences between the model results and the analysis data reflect the differences in the values of sea surface pressure. As for the geopotential heights and wind vector patterns of the model at 500-hPa, the distribution patterns are reasonable. The precipitation distribution pattern of the model roughly agrees with the CMAP data, and the consistency found in the DJF results is better than that in JJA. The difference pattern in the DJF when changing the vegetation from CN to C4, is also similar to that in JJA. In the CN simulation of this study, the greenness values of the grassland and seasonal forest were reduced to almost zero during DJF in the Northern Hemisphere. Therefore, in the green-less experiment (GR), the albedo values in the IND and ICP areas were almost the same as those in the CN. These results may be somewhat extreme, compared with the actual situation. In the MTC area, originally covered mainly by evergreen tropical rain forest, the GR albedo values significantly decrease for the same reason as in the JJA case. The roughness length difference patterns between each experiment and the control for DJF are almost the same as those found in the JJA case.
Changes in surface albedo and roughness length
Impact on the heat and water balances at the land surface
Impacts on the heat and water balances for each experiment area were examined (Table 2) . From the results of Student's t-test, the changes appeared in each area were generally statistically significant.
In the BS experiment, the difference pattern of the net radiation is fundamentally the same as that found in the JJA case. As for the latent heat flux, the difference found in the ICP area is small compared with the JJA case, because of the relatively small DJF latent heat flux in this area. However, the overall patterns in the results are the same as those in the JJA case. The pattern of change in the sensible heat fluxes in the experiment areas is generally opposite that in the latent heat fluxes. The temperature increase in the ICP area is relatively small, due to the advection of cold air from the northern inland region. This DJF temperature difference pattern in the ICP area differs from that found in the JJA case. The pattern of change in the soil water content fundamentally corresponds with that of precipitation. The changes in the soil water content vary according to locality, and in the IND area the effects of the precipitation change in JJA also remain. In the C4 experiment, the same as in JJA, the decreases in the net radiation in the areas where the actual vegetation was forest are significant, due to the increased albedo values. The changes in the areas where the actual vegetation was grassland are not significant. The latent heat fluxes in the forest areas generally decrease as a result of the decreased net radiation and decreased roughness lengths. The change in the latent heat fluxes in the IND area is not significant, since the physiological activity of vegetation is weak during DJF. The decreases in the sensible heat fluxes in the ICP and MTC areas are due to the decreases in the net radiation. The change in the IND area is not significant. In DJF, the patterns of changes in the canopy temperature and the soil surface temperature are almost the same. The decreases of temperatures in the ICP and IND areas are due to the decreased net radiation. The cold air advection from the northern inland region also influences the temperature in the ICP area. In the MTC, the latent heat fluxes by the transpiration and the evaporation of intercepted water decrease, consequently the canopy temperature increases. Although the net radiation over the total vegetation layer in the MTC area decreases, the radiation absorbed by the soil surface increases. Therefore the soil surface temperature increases. The IND area mean soil water content decreases, due to the decrease in the northwestern part of the IND. It is considered that the effects of the increased latent heat flux in JJA in this area continue into DJF. The tendencies of the change in the DJF soil water content in the ICP and MTC areas are generally the same as those in JJA.
In the GR experiment, the greenness values were all set to zero, while the greenness values of the grassland and seasonal forest in the IND and ICP areas decrease in DJF during the control run. Therefore, the changes in the net radiation fluxes, the latent and sensible heat fluxes in the IND and ICP areas are generally not significant. In the MTC area, impacts on the heat and water balances are generally the same as in JJA. The temperature changes in the canopy and soil surface of the IND and ICP area are also not significant. In each experiment area mean, the values of soil water in the MTC and IND areas significantly increase, and the change of that in the ICP is small. The tendency of the change in soil water content in each experiment area in DJF is generally the same as those in the JJA case.
Impact on the low-latitude atmospheric circulation
In t h e c a s e o f B S -C N , t h e d i r e c t e f f e c t o f t h e v e g e ta t i o n c h a n g e is r e v e a l e d a s t h e strengthening of the northeasterly wind over the ICP area, the westerly wind over the islands of the MTC area, and the easterly wind over the northern equatorial Pacific. This strengthening of the winds is due to the decrease in the roughness lengths by the vegetation change in the experiment areas (see Table 2 ). The strengthening of the winds induces the strengthening of the low-level atmospheric convergence over the central equatorial Pacific and over the SPCZ. Over the ICP and MTC, although not significant, divergence anomalies are found. At the 250-hPa level, the areas where the divergence strengthens spread from the central equatorial Pacific to over Japan. These anomalies are related to the strengthening of the low-level convergence. Ascending anomalies exist at the 500-hPa level over the low-level areas of stronger convergence, and descending anomalies are found over the islands of the MTC. These changes in the atmospheric circulation induce changes in the precipitation. The precipitation significantly increases over the western part of the Indochina Peninsula, the central equatorial Pacific, and the SPCZ. On the other hand, the precipitation significantly decreases over the eastern part of the Indochina Peninsula, and the islands of the MTC. The wind anomaly pattern in the C4 experiment is fundamentally the same as in the BS case. As in the BS experiment, the roughness lengths in the C4 experiment areas also decrease when compared with the control run, especially in the ICP and MTC areas. Compared with the BS case, the low-level convergence anomalies and upper-level divergence anomalies over the central equatorial Pacific and SPCZ are weaker, while the low-level divergence anomalies and the upper-level convergence anomalies over the ICP and MTC areas are more intense (Fig. 4) . The effects of the change in the roughness length on the wind field in the C4 experiment are weaker than those in the BS experiment, as a result of the magnitude of the roughness length decrease in the C4 experiment being less than that in the BS experiment. The pattern of the change in precipitation in the C4 case is also fundamentally the same as that in the BS case. The magnitudes of the decreases in the ICP and MTC precipitation are greater than those in the BS case. These results were also found in the JJA case.
In the case of GR -CN, the DJF pattern of the change in atmospheric circulation differs from those of the other experiments. Wind anomalies are mainly found over the islands of the MTC. The GR anomaly pattern of the atmospheric circulation is fundamentally the same as in JJA, but the low-level convergence and upper-level divergence anomalies that are considered direct effects of the vegetation change are limited to over the islands of the MTC. The reason for this is considered that the influence of vegetation change in the GR experiment on the DJF circulation is mainly confined to the islands of the MTC (see Table 2 ). GR precipitation increases over the islands of the MTC, and decreases over the surrounding areas. This precipitation anomaly over the MTC is opposite those found in the BS and C4 experiments. The reason for this precipitation anomaly is considered to be the same as that in JJA.
Impact on the mid-latitude atmospheric circulation
There have been several studies on the effects of vegetation changes on the atmospheric circulation. The studies of Chase et al. (1996) , Chase et al. (2000) , and Zhao et al. (2001) investigated the effect of land cover change on the global atmospheric circulation. These studies simulated the impacts of the difference between actual vegetation conditions and potential vegetation conditions on climate. These studies indicated that the land cover changes in the tropics induce changes in the extratropic atmospheric circulation, especially in the winter season. Gedney & Valdes (2000) showed that complete Amazonian deforestation could result in changes in the climate far afield from the region of deforestation. In particular, the model predicted statistically significant changes to winter rainfall over the North Atlantic, extending towards Western Europe. Werth & Avissar (2002) also detected a noticeable impact of the Amazon deforestation in several other regions of the world, several of which showed a reduction in rainy season precipitation that exhibited a high signal-to-noise ratio.
Among other vegetation change studies, Zhang et al. (1996a Zhang et al. ( , 1996b performed numerical simulations of the potential impact of tropical deforestation in South America, Africa, and Southeast Asia using a climate model coupled with a realistic land surface model. Zhang et al. (1996b) discussed the influence of tropical deforestation on the large-scale climate system. It was concluded that the modification of the model surface parameters to simulate tropical deforestation produced significant modifications in both the Hadley and Walker circulations. A mechanism for the propagation of disturbances arising from tropical deforestation to middle and high latitudes was proposed, based on the mechanisms of Rossby wave propagation.
These mechanisms are similar to those associated with extratropical influences of ENSO events. There have been numerous studies of the global teleconnections associated with the tropical sea surface temperatures (SST): for example, Horel & Wallace (1981) , Trenberth & Hurrell (1994) , Latif & Barnett (1994 ), Hurrell (1996 , Zhang et al. (1997) , Renshaw et al. (1998) , Enfield & Mestas-Nunez (1999) , and Kobayashi et al. (2000) . In the tropical atmosphere, anomalous SSTs force anomalies in convection and large-scale overturning, with subsidence in the descending branch of the local Hadley circulation. The resulting strong upper tropospheric divergence in the tropics and convergence in the subtropics act as a Rossby wave source. The climatological stationary planetary waves and associated jet streams, especially in the Northern Hemisphere, can make the total Rossby wave sources somewhat insensitive to the position of the tropical heating that induces them, and thus can create preferred teleconnection response patterns, such as the Pacific-North American (PNA) pattern. Anomalous SSTs and tropical forcing have tended to be strongest in the northern winter, and teleconnections in the Southern Hemisphere are weaker and more variable and thus more inclined to be masked by the natural variability of the atmosphere (Trenberth et al., 1998) .
In this study, impacts of the deforestation in the Asian tropical region on the mid-latitude atmospheric circulation were also examined. The C4 experiment in this study is the most realistic case of deforestation among the three impact experiments. Therefore the influences of the vegetation changes in the C4 experiment on the mid-latitude atmospheric circulation were examined. In the C4 experiment, which differs from previous studies, the vegetation changes were applied only in the Asian tropical region, while the vegetations in South America and Africa were maintained as the actual vegetation. There is, however, the possibility of an influence of the vegetation changes of only those in the Asian tropical region, on the mid-latitude atmospheric circulation. In Fig. 4 (C4 -CN) , additional results are found of changes in the mid-latitude circulation that may be considered as resulting from the vegetation change in the Asian tropical region. There are areas of significant differences of the wind, not only over the ICP and MTC, but also around Japan and over the Atlantic Ocean. At the lower atmospheric level, with significant convergence anomalies found over the central equatorial Pacific and divergence anomalies over the ICP and MTC areas, there are significant divergence anomalies over the Atlantic Ocean that coincide with significant wind differences over the same area. At the upper atmospheric level, although not statistically significant, convergence anomalies also exist over the Atlantic Ocean. The same anomaly patterns exist more clearly in BS -CN, but are not found in GR -CN. Therefore, it is considered that these atmospheric circulation anomalies are due to modifications of the Hadley and Walker circulations, and are induced by the vegetation changes (morphological, physiological, and physical changes from forest to grassland or bare soil) in the Asian tropical region. In particular, the divergence/convergence anomaly pattern that appears at the upper atmospheric level in the C4 experiment (lower panel in Fig. 4) is very similar to that of an ENSO event (see Fig. 3 of Trenberth et al., 1998) . Figure 5 indicates the DJF differences of the 500-hPa geopotential heights between C4 and CN (C4 -CN). Over the Northern Hemisphere, areas of positive difference exist from Japan to Europe, and areas of negative difference are found over the Aleutian Islands to Greenland. Statistically significant areas of positive differences exist over the western part of the northern mid-latitudes of the Pacific Ocean and the northern mid-latitudes of the Atlantic Ocean. Over Greenland, an area of statistically significant negative differences can be seen. These height anomalies at the 500-hPa level are similar to those found during an ENSO event. Therefore, the possibility exists that the deforestation in the Asian tropical region induces teleconnections similar to those associated with ENSO events.
Discussion
Among the three experiments of this study, the assumption in the C4 experiment is the most similar assumption to those of the other deforestation experiments, although the C 4 photosynthesis process was assumed in the study. In particular, Henderson-Sellers et al. (1993) examined the impact of vegetation change in Southeast Asia, and found that during the wet season (July), the surface temperatures significantly decreased over the Indochina Peninsula and the island of Borneo, and the evaporation decreased over the islands of Borneo and New Guinea, and the Indochina Peninsula. Concerning precipitation, however, there was no great change in the basic pattern of rainfall, and few of the changes were statistically significant. During the dry season (January), significant decreased evaporation and net radiation were indicated over land points. The changes in the surface temperatures and precipitation, however, were not statistically significant. In their experiment, the impact of vegetation change in Southeast Asia on the atmospheric circulation and moisture convergence were also small, and the changes were not identified. Zhang et al. (1996a) also discussed the seasonal variation of impacts of deforestation over Southeast Asia. It was concluded that the evapotranspiration and the net radiation indicated statistically significant decreases, but the precipitation changes were not statistically significant. These results were almost the same as those of Henderson- Sellers et al. (1993) . The results of this study differed somewhat from those of the above mentioned studies. The results of the C4 experiment in this study indicated statistically significant differences. Sud & Smith (1985) examined the influence of local land surface processes on the Indian Monsoon. One of the numerical experiments included the case of no evapotranspiration from the land surface. In the results, there was very little change in the rainfall due to the enhanced moisture convergence, produced as a consequence of the increased sensible heating over land largely compensating for the lack of evapotranspiration. For the month of July, the moisture supply for precipitation over India was advected from the nearby Indian Ocean. Without evapotranspiration, the increased PBL heating by the sensible heat flux promotes this process by producing a thermal low. Polcher (1995) studied the relationship between land surface process changes and variations in the frequency of convective events, and indicated that the highest sensitivity was found for the sensible heat flux and its increase leads to deeper convective events. Although the design and the results of the GR experiment in this study somewhat differ from those of previous studies, the mechanism of the precipitation increase over the islands of the maritime continent in the GR experiment was consistent with those of Sud & Smith (1985) , and Polcher (1995) .
In the C4 experiment, vegetation changes were assumed only in the Asian tropical region. However, it was possible that the vegetation changes influenced the mid-latitude atmospheric circulation. In particular, the divergence/convergence anomaly pattern that appeared at the upper atmospheric level in the C4 experiment was very similar to that of an ENSO event. In the differences of the DJF mean 500-hPa geopotential heights between the C4 and CN, the height anomalies at the 500-hPa level were similar to those of an ENSO event. The possibility exists that the deforestation of the Asian tropical region could induce similar teleconnections as those associated with an ENSO event.
Changes in carbon cycle balances under vegetation transition due to deforestation in the Asian tropical region
Experiment design
Spin-up integration was carried out to estimate the initial values of the soil water content, the ice content in the soil, the soil temperature, and the carbon storage of the vegetation and that in the soil. This integration used the actual global vegetation and climatic sea surface temperature (SST) values. The SST and sea ice values were taken from the GISST2.2 dataset (Rayner et al., 1996) . The initial values of the carbon dioxide concentration in the atmosphere were set to about 360 ppmv.
The fluxes of anthropogenic emission of carbon dioxide were taken into account during the integration. The Global, Regional, and National Fossil Fuel CO 2 Emissions database produced by the Carbon Dioxide Information Center (CDIAC) (http://cdiac.esd.ornl.gov/) was used. In this database, the 1950 to present CO 2 emission estimates were derived primarily from energy statistics published by the United Nations (2008), using the methods of Marland & Rotty (1984) . From the database, the regional fluxes of anthropogenic emissions in 1995 were extracted (6.4 PgC year -1 for the total global land area), and regarded as standard values of anthropogenic emissions. Furthermore, the regional amounts of annual increase of emissions were estimated using the regional average rate of increase during the period from 1991 to 2004. These estimations were performed separately for nine regions: Africa, South America, China (east Asia), Eastern Europe, Southeast Asia, the Middle East, North America, Oceania (including Japan), and Western Europe. The regional flux values of anthropogenic emissions for each model year during the integrations were estimated from these data by adding the annual increments to the standard values described above.
The monthly carbon dioxide fluxes between the sea surface and the atmosphere were derived from model-calculated data. The average flux values at each ocean grid point from 1990 to 1999 were calculated from the model average values of carbon dioxide fluxes between the sea surface and the atmosphere produced by the OCMIP-Phase2 experiments (http://c4mip.lsce.ipsl.fr/protocol.html), and regarded as the standard monthly flux values (Coupled Carbon Cycle Climate Model Intercomparison Project (C4mip) (Friedlingstein et al., 2006) ). The mean annual changes were estimated using data of the same period. From these data, the monthly carbon dioxide fluxes between the sea surface and the atmosphere at each ocean grid point for each model year during the integrations were estimated by adding the annual changes to the standard fluxes.
performed. To investigate the impact of vegetation changes in the Asian tropical region, two experiment areas were defined: ICP and MTC (Fig. 1) . Under the control conditions, the ICP area was covered mainly by tropical seasonal forest and the MTC area was covered mainly by tropical rain forest vegetation. Strictly speaking, the ICP area is not presently homogeneously covered by tropical seasonal forest. However, wet and dry seasons, induced by the East Asian monsoon system, clearly exist in the ICP area. Therefore, in contrast to the tropical rain forest vegetation classified for the MTC area, tropical seasonal forest type vegetation was assigned to the ICP area as the typical vegetation in the control simulation.
Two type deforestation experiments were carried out. In the C4 experiment, the forest type vegetations in the experiment areas (ICP and MTC) were changed to grass vegetation. In the BS experiment, the forest type vegetations in those areas were changed to bare-soil. In the grassland (C4) experiment, it was assumed that the forest type vegetation was changed into C 4 grass vegetation, which is the most potent natural grass in the tropical region (Sage et al., 1999) . Each experiment was run for 100 model years, starting with the initial values that were used in the control integration. In these experiments, all types of forest vegetation in the experiment areas were changed into nonforest type vegetations at the rate of 1.6 % year -1 , starting from the control vegetation distribution (Fig. 1) . The 114 forest grids (57 forest grids in each area) were finally changed into the non-forest type vegetations. Forest reduction continued until the 58 th model year, after which the vegetation distribution was not changed. These processes more realistically simulated the temporal progress of forest reduction by deforestation, and the temporal changes of both the energy balance and the carbon cycle balance under the vegetation transition with the progress of deforestation were examined. The FAO (2007) reported that the annual rate of net forest area change in Southeast Asia was -1.3 % year -1 from 2000 to 2005. The deforestation rate in the experiments (-1.6 % year -1 ) was somewhat greater than the value reported by the FAO. However, it is assumed that the state of deforestation in the Asian tropical region was, on the whole, reproduced in the experiments.
In the impact experiments, the carbon storage values for plants at two chosen forest grids were set to almost zero at the beginning of each model integration year. The natural growth process for C 4 grass was reproduced in the C4 experiment, whereas the plant growth process was deterred in the remaining period of model integration in the BS experiment. In the C4 experiment, the physiological parameters associated with photosynthesis for C 4 plants were employed (see Mabuchi et al., 1997) . The results of the impact time integrations were then compared with those of the control integration.
During the control and the impact integrations, the same conditions of carbon dioxide fluxes produced by anthropogenic emission and those between the sea surface and the atmosphere were applied. In these simulations, the effects of global warming by increased atmospheric carbon dioxide concentration were not considered, because the purpose of this investigation is to detect the pure impact of deforestation on the energy and carbon cycle balances in the Asian tropical region, and to enable clear analysis of the impact mechanisms.
Results
Verification of model results in the control simulation
This section presents the model characteristics with a focus on the global carbon cycle reproduced by the model. The energy and carbon balances at the present time in the experiment areas are also verified.
For the first 10-year period (representing the present era), the vegetation carbon storage (VC) is about 670 PgC, the soil carbon storage (SC) is 1,846 PgC, the gross primary production (GPP) is 157 PgC year -1 , the net primary production (NPP) is 90 PgC year -1 , and the net ecosystem production (NEP) is 3 PgC year -1 for the total land area (148.89 × 10 6 km 2 ). In these model results, SC and NPP are relatively larger than those of other estimations although VC is almost the same (e. g., Field et al., 1998; Ito, 2002; Arora et al., 2009 The features of the global atmospheric carbon dioxide concentration simulated by the model are briefly described. Discussion of the verification of the carbon dioxide concentration simulated by the control run can also be found in Mabuchi & Kida (2006) . The values of the atmospheric carbon dioxide concentration calculated by the model were verified using in situ data observed at NOAA/GMD stations (Conway et al., 2007; Thoning et al., 2007) . Hemisphere, including the equatorial zone and the low latitude zone in the Southern Hemisphere, the model successfully reproduces the features of the seasonal cycle patterns and the increasing trend found in the observed data described above. In the middle and high latitude zones of the Southern Hemisphere, the amplitudes of the seasonal cycles calculated by the model are about 5 ppmv, which is somewhat greater than those in the observed data. It is necessary to verify the large-scale circulation of carbon dioxide, especially in the upper level in the Southern Hemisphere. Currently, these are pending questions for the model. Table 4 . Observed values of essential elements of the energy balance at three observation points in the Asian tropical region. The labels are the same as those in Table 3 . The values with an asterisk (*) indicate those for continuous period of data missing existed during the year. For the values of observed RES, the maximum is about 11 gC m -2 day -1 and the minimum is about 5 gC m -2 day -1 . Also, the RES values predicted by the model were smaller than those observed; however, the seasonal change patterns were the same. The peak NEP observed is about ± 1.7 gC m -2 day -1 . The order of model peak values and the seasonal change patterns were almost the same as those observed. Detailed descriptions are omitted, but the values and seasonal patterns of GPP, RES, and NEP produced by the model for the Maritime Continent indicated good agreement with those observed at the tropical rain forest in Malaysia.
Impact of deforestation on carbon balance in the Asian tropical region
This section discusses the results of the impact experiment, considering the control results including those discussed in the previous section. The results of C4 experiment are mainly discussed, contrasting with the results of BS experiment that is extreme case. Figure 7 indicates the temporal distributions of the annual means of GPP and NEP for the 100-year period of the control simulation, and the differences between the control and the impact experiment. For GPP, the values of the control gradually increase in both areas.
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Compared with the values in the first 10-year period, the values from the third period to the last are significantly large in the ICP area, as are the values from the second period to the last in the MTC area. These results are due to the increased carbon dioxide uptake by the land surface vegetation, resulting from the effect of carbon dioxide fertilization on C 3 type vegetation (forests). In Fig. 7 , the ICP area GPPs of the C4 experiment gradually increase compared with those of the control until the fifth 10-year period. However, the increasing tendencies gradually weaken as the vegetation changes to C 4 grass, and the positive differences decrease in the later period. The positive differences occur because the annual mean GPPs for C 4 grass vegetation are fundamentally greater than those for tropical deciduous forest vegetation. The increasing tendencies attenuate because the influence of carbon dioxide fertilization on C 4 vegetation is less than that on C 3 vegetation, due to differences in photosynthesis mechanisms. The basic limitations for C 4 photosynthesis consist of the limitations on the maximum carboxylation velocity and on light. The sensitivity of C 4 vegetation to changes in atmospheric carbon dioxide concentration is generally less than that of C 3 vegetation (Jones, 1992; Mabuchi et al., 1997) . MTC area GPPs of the C4 experiment gradually decrease, compared with those of the control, and the differences are almost all negative. The annual mean GPPs for tropical rain forest vegetation and those for C 4 vegetation are potentially almost the same. Therefore, the unilateral negative differences are due to the direct effect of the difference between the influence of carbon dioxide fertilization on C 4 vegetation and that on C 3 vegetation. The temporal changes in differences of NPP between the control and the impact experiments accord with those of GPP in both areas, although vegetation respiration affects the NPP values (figure not shown).
In Fig. 7 , the positive NEP values in the control indicate carbon absorption from the atmosphere, and the negative values indicate carbon release to the atmosphere. The control NEPs gradually increase in the early stage of integration and remain positive in both areas.
Compared with the values in the first 10-year period, the values from the third to the last periods are significantly greater in the ICP area, as are those from the second to the last periods in the MTC area. The interannual changes in the ICP area exceed those in the MTC area because the vegetation activity for the tropical deciduous forest is more sensitive to varying environmental conditions than that for the tropical evergreen rain forest in the MTC area. The increasing tendencies are attenuated due to the increase of the respiration from soil (RRS) because of the increased carbon stock in the soil layer, resulting from the effect of carbon dioxide fertilization on C 3 vegetation.
The NEPs in the C4 experiment are less than those of the control in both areas, especially from the fourth 10-year period. The interannual fluctuations are intense in the ICP area, and the differences in the ninth 10-year period are not statistically significant. While in the MTC area, the negative differences are more systematical. One reason for this is that the GPPs and NPPs for the MTC area in the C4 experiment are systematically smaller than those in the control. Another reason is that the surface conditions in the MTC area become warmer and relatively more arid with vegetation change from forest to grassland. These results indicate that the change from forest vegetation to C 4 grass vegetation induces the reduction of carbon absorption by the land surface and, as a result, the increase in the atmospheric carbon dioxide concentration. These impacts are more distinct in the MTC area.
Although figures for the BS experiment are not shown, GPP and NPP values gradually decreased with the progress of deforestation in both areas due to the disappearance of vegetation. The NEPs were smaller than those of the control in both areas. The negative differences gradually increased until deforestation was complete, and then gradually decreased in the subsequent period, due to the decrease of RRS with the reduction of carbon stock in the soil layer. These results were naturally assumed phenomena. Hirano et al. (2007) gave the annual NEP as -382 gC m 2 year -1 for 2003 and -313 gC m 2 year -1 for 2004, observed in a tropical peat swamp forest disturbed by drainage (except for the peculiar 2002, an ENSO year). Although the results could not be directly compared due to the differences between the design of model simulation and the situations of observation, the peak values of the negative NEP in the BS experiment (-250 to -300 gC m 2 year -1 ) were reasonable judging from those observed values.
Discussion
It is important that the continuous deforestation in the Asian tropical region certainly induces the elevations of the global atmospheric carbon dioxide concentrations. When forest vegetation is replaced by bare soil, the carbon dioxide uptake by land surface vegetation disappears, and only respiration from the soil occurs. As a result, NEPs in these areas become negative, until the carbon stored in the soil is completely released. The carbon balance under this condition is simple. However, when alternative vegetation (e. g., C 4 grass vegetation in this study) replaces forest vegetation, the carbon balance in the deforested area becomes more complicated. The results of this study indicated that continuous deforestation of the tropical forest could potentially induce a continuous decrease in carbon dioxide uptake by the land surface from the atmosphere. This will consequently produce an increased tendency of carbon dioxide concentrations in the atmosphere, even if the deforested area is not replaced by bare soil surface condition.
Simulation using the regional climate model
Introduction
The present state of environmental problems due to global warming resulting from increases of greenhouse gases has reached new levels. The international treaty known as the United Nations Framework Convention on Climate Change (UNFCCC) was adopted in 1992 to begin to consider what can be done to reduce global warming (URL: http://unfccc.int/). The Kyoto Protocol, adopted in 1997 at the third Conference of the Parties to the UNFCCC (COP 3), proposed a world-wide reduction of greenhouse gas emissions. Under these conditions, it became necessary to monitor the increases of greenhouse gases, especially carbon dioxide, and to conduct research to further understand the mechanisms of interactions between environmental changes and the carbon balance.
Estimations of the carbon dioxide budget are of great importance in taking the proper steps to deal with increased concentrations due to anthropogenic emissions, and in predictions of future concentration levels. To clarify the role of the terrestrial ecosystem, observational studies have been carried out using the flux tower network (Baldocchi et al., 2001; Falge et al., 2002) . In the Asian region, the flux tower network (AsiaFlux) was established, and studies concerning the variations in the mechanisms of the net ecosystem carbon dioxide exchange have been performed (Yamamoto et al., 2005; Yu et al., 2006) . Recently, Saigusa et al. (2008) discussed the characteristics of the seasonal and inter-annual changes in the net ecosystem production, the gross primary production, and the ecosystem respiration during the period from 2000 to 2005, employing more than ten flux observation sites in Asia, and demonstrated how ecosystems respond to the meteorological anomalies widely observed in East Asia.
While an integrated study based on observed data is effective, a numerical simulation study is another potent method to explain the features of observed results, and to better understand the mechanism and role of the heterogeneous terrestrial ecosystem. Several studies using models that can operate with short time-scales, and can resolve seasonal and diurnal variations in the carbon exchange between terrestrial ecosystems and the atmosphere, have been conducted (Bonan, 1995; Denning et al., 1996a Denning et al., , 1996b . These models are physical climate models with a terrestrial biosphere, and can simulate nonlinear biosphere/atmosphere interactions by on-line calculations. Bonan (1995) simulated the diurnal and annual cycles of biosphere-atmosphere carbon dioxide exchange, and investigated the geographic patterns of annual net primary production and the diurnal range and seasonality of the net carbon dioxide flux. Denning et al. (1996a Denning et al. ( , 1996b ) also simulated the annual net primary productivity, the amplitude of the seasonal cycle of the net carbon dioxide flux, and the amplitude and phase of the diurnal and seasonal cycles of atmospheric carbon dioxide concentration.
Furthermore, many studies focused on vegetation physiology and carbon circulation associated with vegetation activity and climate have been conducted: for example, Foley et al. (1996) , Bounoua et al. (1999) , Cox et al. (2000) , Friedlingstein et al. (2001) , Tsvetsinskaya & Mearns (2001a , 2001b . Ito (2008) evaluated the regional scale carbon budget of East Asia at a high resolution, comparable with the scale of flux measurements, using a process-based terrestrial carbon cycle model driven by meteorological reanalysis data.
To treat the heterogeneity of the land surface as accurately as possible, it is desirable that climate models have a high resolution. The advantage of a regional climate model is that it can satisfy these conditions, using fewer computational resources. The use of regional climate models for climate studies was first employed by Dickinson et al. (1989) , and Giorgi (1990) . Since then, there have been many studies making use of regional climate models, among them Kidson & Thompson (1998) , Noguer et al. (1998) , Seth & Giorgi (1998) , Giorgi et al. (1999) , and Small et al. (1999) . Mabuchi et al. (2000) clarified the relationships between climate and the carbon dioxide cycle over the Japanese Islands and surrounding area.
In this section, several results of numerical study using a regional climate model that includes a realistic biological land surface model are introduced. The purposes of the study are to clarify not only the carbon budget, but also the mechanism of the carbon cycle between the terrestrial ecosystem and the atmosphere, and to investigate climate factors impact on the carbon cycle in the East Asian terrestrial ecosystem (Mabuchi et al., 2009 ).
Regional climate model
The atmospheric model used in the experiment is a regional spectral model (Japan Spectral Model (JSM)) developed by the JMA (Segami et al., 1989) . The domain of JSM originally covered only the Japanese Islands and the surrounding area (Mabuchi et al., 2000 (Mabuchi et al., , 2001 (Mabuchi et al., , 2002 . In this study, the model domain of JSM is extended to cover the area of East Asia that includes not only the Japanese Islands, but also Mongolia, China, the Indian subcontinent, Indochina, and the Philippine Islands. The model employs sigma coordinates, with 23 layers in the vertical. It has a regular 151 × 111 square transform grid on a Lambert projection plane, the reference longitude being 105°E, which translates to a horizontal resolution of 60 km at the reference latitudes (15°N, 50°N) . The model adopts the primitive equations as basic equations. The atmospheric prognostic variables are the virtual temperature, specific humidity, the zonal and meridional components of the wind, the carbon dioxide concentration of each atmospheric layer, and surface pressure. The model includes shortwave and long-wave radiation processes (Sugi et al., 1990; Lacis & Hansen, 1974) . Precipitation is estimated by three processes, namely large scale condensation, moist convective adjustment, and evaporation of raindrops. Vertical diffusion is calculated by the turbulent closure model (level 2.0) proposed by Mellor & Yamada (1974) . The time step interval of the integration is about two minutes.
BAIM2 was integrated into JSM to reproduce the energy and carbon dioxide exchange process between the land surface ecosystem and the atmosphere and to investigate the mechanism of the relationship between land surface vegetation activity and the climate. This regional climate model is termed JSM-BAIM2. In this model, BAIM2 is connected on-line to the atmospheric model. At each grid point of JSM, the vegetation type is specified, and the interactions between terrestrial ecosystems and the atmosphere are estimated by BAIM2. The distribution of the types of vegetation used in JSM-BAIM2 is indicated in Fig. 8 . In the simulation, 12 types of vegetation, excluding the cryosphere are used in the model domain.
The vegetation map for JSM-BAIM2 was constructed from two vegetation data sets. For the Japanese Islands, the actual vegetation map compiled by the Environment Agency of Japan was used. For the Asian continent, reference was made to the Major World Ecosystem Complexes Ranked by Carbon in Live Vegetation data set (Olson et al., 1983) . From the data sets, the actual vegetation of a given land surface grid point was classified as one of the 12 types. Several modifications were made to the vegetation distribution to conform to JSM-BAIM2. In this experiment, crop vegetation was regarded as C 3 grassland vegetation.
Climate factors impact on carbon cycle in the East Asian terrestrial ecosystem
Experiment design
Using JSM-BAIM2, a numerical simulation is performed under actual vegetation conditions (Fig. 8) . The spectral boundary coupling (SBC) method (Kida et al., 1991) was used in the time integration of the regional climate model simultaneously with the time-dependent lateral boundary coupling (LBC) method (Tatsumi, 1986) . The SBC is a nesting technique for a long-period integration of a regional climate model. With this coupling method, the regional model can simulate synoptic scale phenomena without phase deviation from the boundary data. Therefore, it can simulate the regional climate more accurately (Kida et al., 1991; Sasaki et al., 1995) , so that can gain a more accurate description of the interactions between climate and terrestrial ecosystems. By using these coupling methods, JSM-BAIM2 was nested one-way in the global reanalysis data field. This simulation used the JRA-25 reanalysis data created by the JMA (Onogi et al., 2007) . The grid size of the data set is 1.25°. Using 12-hour interval reanalysis data (0000 and 1200 UTC of each day), the JSM-BAIM2 grid point data were interpolated, and then used for initial conditions, lateral boundary conditions, and spectral boundary conditions of the meteorological data fields.
For the atmospheric carbon dioxide concentration field, ideal increase data was prescribed for the model boundary condition to clearly investigate the interaction mechanism between the regional climate and the carbon cycle in the model domain. . The boundary data increase rate for the simulation was set at 1.8 ppm year -1 according to a recently observed rate of increase. The data had typical seasonal cycles of which the amplitude and mean values depended on the latitude of the model grid point. From these data, 12 hourly interval data sets were made and given for the boundary conditions of the atmospheric carbon dioxide concentration field.
The sea surface temperature (SST) and sea ice data for the model sea grid points were taken from the HadISST data set (Rayner et al., 2003) . The monthly 1° × 1° SST and sea ice data during the period of the experiment were interpolated to obtain each value for the model sea area grid points. The carbon dioxide fluxes between the sea surface and the atmosphere were prescribed from estimated values of observed data. The data were the carbon dioxide exchange data at the sea surface observed in the Northwestern Pacific by the JMA (Japan Meteorological Agency, 1994).
Spin-up repetition time integrations were carried out using the one year period data from 1200-UTC 31 July 1998 to 1200-UTC 31 July 1999. Using the physical and carbon storage values obtained by the spin-up integrations as the initial conditions for the land area, the experiment time integration was started at 1200-UTC 31 July 1999 and continued until 1200-UTC 31 December 2005, for a total of six years and five months. The integration results for the six-year period from 1 January 2000 to 31 December 2005 were examined in the study.
Results
Verification of model results
Several results of verification of JSM including BAIM Version 1 (JSM-BAIM) were presented in Mabuchi et al. (2002) . The performance of JSM-BAIM was confirmed regarding the reproducibility of the main atmospheric variables, and that of the seasonal and interannual variations of the principal elements (that is, precipitation, temperature, and radiation) which influence the heat, water, and carbon dioxide balances at the land surface through vegetation activity. It was found that JSM-BAIM had sufficient accuracy to allow for investigations of the interaction mechanisms between terrestrial ecosystems and climate; temporally at least on the level of the seasonal and interannual variations, and spatially at least on the level of the climatic classification of the Japanese Islands.
This section presents the verification results for JSM-BAIM2 with a focus on precipitation and vegetation phenology, the essential elements for the objectives of this study. The analysis regions for verification of the model are indicated in Fig. 9 . The seven analysis regions are set in the model domain considering the vegetation type and the regional climate conditions. The control schemes of vegetation phenology used in the model are presented in Mabuchi et al. (2009) . The accuracy of precipitation is important for simulating the soil wetness and associated land surface processes. A more accurate estimation of precipitation (in strict sense cloudiness) also produces a better estimation of the downward short-wave radiation reaching the Earth's surface. These, in turn, induce a more precise reproduction of the physical and biological processes, including the carbon cycle at the land surface. Table 6 . Locations of the in situ observatories used for analysis of the atmospheric carbon dioxide concentration calculated by the model.
To validate the inter-annual variations of the atmospheric carbon dioxide concentration (CDC) reproduced by the model, the model results were compared with the data from the six in situ observatories located in the model calculation domain (Table 6 ). These observatories are stations that contribute to the WMO WDCGG. Of these observatories, Ryori and Yonagunijima are operated by the JMA (Watanabe et al., 2000; Japan Meteorological Agency, 2007) . Takayama station is operated by the National Institute of Advanced Industrial Science and Technology (AIST) (Murayama et al., 2003) . In addition, data observed at stations of the NOAA/GMD, located at the Tae-ahn Peninsula, Ulaan Uul, and Mt. Waliguan (Conway et al., 2007) were used. The mean value of the model grid points at the second vertical level (sigma coordinate 0.990) surrounding each observatory was compared with the measured values at each observatory. From the comparisons of the horizontal distributions of monthly anomalies of the atmospheric CDC with those of the net ecosystem production (NEP) simulated by the model, it is found that the variations of the atmospheric CDC at the near surface level are closely connected with the variations of NEP in the high vegetation activity season, including the effects of advection of the atmospheric carbon dioxide (see Figs. 9 to 14 in Mabuchi et al., 2009 ). The variations of NEP are closely related to those of GPP, which is the total amount of carbon that the vegetation absorbs by the photosynthesis process, and is directly affected by climate conditions. The differences between the values of NEP and those of GPP are influenced by the variations of ecosystem respiration. However, the variations of NEP are almost consistent with those of GPP in the high vegetation activity conditions (figure not shown). The relationship between climate and GPP is described in detail in the next section.
Regional characteristics of the relationship between climate and GPP
In this section, the regional features of the climate factors impact on GPP are described, using the model simulation results. The relationship between the variations of GLAI and GPP is also examined. Table 7 lists the values of the correlation coefficient between the anomaly values of climate factors and those of GPP for each season (JFM, AMJ, JAS, and OND) for the seven analysis regions (see Fig. 9 ). In this study, the seasonal means are defined as: January, February, and March (JFM); April, May, and June (AMJ); July, August, and September (JAS); and October, November, and December (OND). The anomalies are deviations from the six-year means for each analysis regional mean. The downward short-wave radiation (DSW), the soil wetness (SW), and the surface temperature (TA) were chosen as the effective climate factors. The correlation coefficients between the variations of GLAI and those of GPP are also indicated. The coefficients in Table 7 indicate the correlation between the inter-annual variation of each factor and that of GPP for each season in the seven analysis regions. The features in each region are as follows.
In the NE-Asia region (Region I), the inter-annual variations of GPP in AMJ and OND are positively correlated with those of GLAI. This suggests that the variation of GLAI in the seasons of leaf expansion and leaf defoliation strongly affects the variation of GPP in the area where seasonal changes of the leaf area are great. In JAS, GLAI becomes mature, and the correlation between the variation of GLAI and that of GPP becomes unclear. After the vegetation leaves have expanded (especially in JAS and OND), variations of DSW and GPP become positively correlated, indicating that DSW in these seasons strongly affects the values of GPP. In AMJ and JAS, the correlation of the variations of SW and GPP also becomes high and positive. In JFM and OND when the temperatures are low, the correlation of the variations of TA and GPP becomes high and positive, indicating that the high anomalous temperatures in the cold season induce large values of GPP. In the China region (Region II), the inter-annual variations of GPP are highly correlated with those of GLAI, except in JAS. There is a large seasonal change of leaf area in this region, and the relationship between the variation of GLAI and that of GPP is similar to that in the NE-Asia region. The variations of DSW and those of GPP are positively correlated, except in AMJ. The values of DSW are also important for the values of GPP in this region. In AMJ and OND, the variations of SW and GPP are positively correlated. In AMJ in particular, the coefficient between SW and GPP exceeds those between DSW and GPP and between TA and GPP, indicating that the effect of SW on GPP is important for this region in the spring. The same relationship also exists in the NE-Asia region. The correlation between the variation of TA and that of GPP is positive and high in JFM. However, the correlation between TA and GPP in AMJ, JAS, and OND is negative, indicating that the positive anomalies of surface temperature in the warm seasons tend to induce negative anomalies of GPP in this region.
In the Indochina region (Region III), the seasonal variation of GLAI is relatively small. However, the correlation between the variations of GLAI and those of GPP tends to be positive. DSW is an important climate factor for GPP throughout the year in this region. In contrast, the correlation between SW and GPP is negative in all seasons, indicating that GPP tends to become a negative anomaly when the precipitation is a positive anomaly (that is when DSW is a negative anomaly). The correlations between TA and GPP are small, except in AMJ, because the seasonal variation of the surface temperature is small in this region. Table 7 . Values of the correlation coefficient between the anomaly values of climatic factors and those of the model GPP for each season (JFM, AMJ, JAS, and OND) for the seven analysis regions. The anomaly values are deviations from the six-year mean values for each analysis region mean. The labels are for downward short-wave radiation (DSW), soil wetness (SW), and surface temperature (TA). The correlation coefficients between the variation of green leaf area index (GLAI) and that of GPP are also indicated. (Sample number is six, significant absolute value at 95 % level is 0.811, that at 90 % level is 0.729)
The high correlation of TA in AMJ is related to the high correlation of DSW in this season (when DSW deviates positively, TA also generally deviates positively). In the India region (Region IV), the correlation between GLAI and GPP is relatively high and positive in all seasons. In this area, the amplitude of the seasonal cycle of GLAI is not large, but GLAI tends to change with variations in climate factors, and the GLAI changes induce changes in GPP. Actually, the component of irregular variation is greater in the seasonal cycles of GLAI in this region than in the other regions (figure not shown). In JAS, the correlation between DSW and GPP is positive and high. This corresponds to the negative correlation between SW and GPP and the positive correlation between TA and GPP in this season. In JFM and OND, while the correlations between SW and GPP are positive, those between TA and GPP are negative, indicating that the unusually high temperatures and dry climate conditions in the cold season tend to reduce GPP in this region. As a whole, the downward short-wave radiation in the warm season and the soil water in the cold season are important climate factors for increasing GPP in this region.
In the Mongolia region (Region V), the correlations between GLAI and GPP in AMJ, JAS and OND are relatively high and positive. In this region, the correlations between DSW and GPP are small in all seasons, and the correlation in JAS is negative. On the other hand, the correlations between SW and GPP are positive and high, especially from AMJ to OND. In JAS, while the correlation between SW and GPP is positive, the correlations between DSW and GPP and between TA and GPP are negative. In JFM and OND, the correlations between TA and GPP are high and positive. These facts suggest that soil water is a more important climate factor than the downward short-wave radiation for increasing GPP in this region, and that anomalously high temperatures in the cold season are also important for the gain of GPP. It is clear that unusually high temperatures and dry climate conditions reduce GPP in this region, especially in the summer season. The Inland region (Region VII) has characteristics similar to those of the Mongolia region. Soil water in the summer season is an especially important climate factor for GPP in this region.
In the Philippines region (Region VI), the correlations between GLAI and GPP are small, because the changes in GLAI are small in this region and the change in the signal of GLAI is not clear (figure not shown). The correlations between TA and GPP are also small, because the change in surface temperature is small. On the other hand, the correlation between DSW and GPP is positive and high in all seasons, and those between SW and GPP are all negative, indicating that when the level of downward short-wave radiation is high (i.e., when the amount of precipitation is small), GPP becomes large in this region. The main climate factor affecting GPP in this region is the downward short-wave radiation.
Discussion
The value of GPP estimated by the model for the six years from 2000 to 2005 is 11.33 GtC year -1 , that of NPP is 6.65 GtC year -1 , and that of NEP is 0.25 GtC year -1 for the values over the entire model domain, except the boundary areas (15 grids areas in the border of the model domain). Ito (2008) Their paper discussed three cases of how the forest ecosystems responded to meteorological anomalies during the study period. In the first case, they concluded that the negative anomaly of solar radiation in summer decreased GPP at forest sites in central Japan. At one site, decreased water stress suppressed the reduction of GPP due to unusually low summer solar radiation. Although the results in this study are general characteristics of the relationship between climate and GPP, the relationships between the variation of DSW and that of GPP and the variation of SW and that of GPP in summer in the NE-Asia region are consistent with the results of Saigusa et al. (2008) .
In the second case described in Saigusa et al. (2008) , they indicated that, for temperate forests, the unusually warm winter and early spring lead to increased NEP in the early spring. Also, in deciduous forests, the high air temperature resulted in early leaf expansion that enhanced NEP at the beginning of the growing period. In the results of this study for the NE-Asia region, the relatively high temperature during the cold season induced large values of GPP, and the inter-annual variations of GPP in spring were positively correlated with those of GLAI. These results are also consistent with the results of Saigusa et al. (2008) .
In the third case discussed in Saigusa et al. (2008) , it was indicated that the decreased precipitation during the season from January to March significantly decreased GPP and NEP in the tropical seasonal forest, due to a long period of dry conditions and severe drought stress. In the results of this study for JFM, a similar correlation between SW and GPP was found in the India region. However, the relationship between SW and GPP in JFM was unclear for the Indochina region, and the correlation between GLAI and GPP was positive and maximum. The spatial and temporal distributions of precipitation and soil water in the tropical area are very complicated. Therefore, there is the possibility that a gap in the scale between the model resolution and in situ observations induced this discrepancy.
Concluding remarks
The present studies obtained several results concerning the mechanism of relationship between the terrestrial ecosystem and the atmosphere. It is necessary to investigate as many cases as possible to resolve the problem of the gap in the scale between the model resolution and the in situ observations. Moreover, further study is needed with verifications using observed data as much as possible. Research work should continue on not only the steady state condition but also the mechanism of the variation process, which would be useful for improving future predictions. The interactions between the land surface ecosystem and climate are nonlinear, and the relationships between climate change and land surface processes are complicated due to the heterogeneity of the terrestrial ecosystem. Nonetheless, it is necessary to investigate the terrestrial ecosystem responses to climate changes and the climate responses to terrestrial ecosystem changes to better understand the universal mechanism of environmental changes on the Earth. Studies using the physical climate model, including the biological scheme, are useful for understanding the physical and biological mechanisms in regional and global climate systems. Through the accurate reproduction of actual phenomena and with accurate interpretation, the mechanisms that produce such phenomena can be clarified to improve estimates for future situations.
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